Abstract Asian soybean rust (ASR), caused by the obligate biotrophic fungus Phakopsora pachyrhizi, is one of most important diseases in the soybean (Glycine max (L.) Merr.) agribusiness. The identification and characterization of genes related to plant defense responses to fungal infection are essential to develop ASR-resistant plants. In this work, we describe four soybean genes, GmbZIP62, GmbZIP105, GmbZIPE1, and GmbZIPE2, which encode transcription factors containing a basic leucine zipper (bZIP) domain from two divergent classes, and that are responsive to P. pachyrhizi infection. Molecular phylogenetic analyses demonstrated that these genes encode proteins similar to bZIP factors responsive to pathogens. Yeast transactivation assays showed that only GmbZIP62 has strong transactivation activity in yeast. In addition, three of the bZIP transcription factors analyzed were also differentially expressed by plant defense hormones, and all were differentially expressed by fungal attack, indicating that these proteins might participate in response to ASR infection. The results suggested that these bZIP proteins are part of the plant defense response to P. pachyrhizi infection, by regulating the gene expression related to ASR infection responses. These bZIP genes are potential targets to obtain new soybean genotypes resistant to ASR.
Introduction
Phakopsora pachyrhizi is an obligate biotrophic pathogenic fungus that causes the disease commonly known as Asian soybean rust (ASR). P. pachyrhizi primarily colonizes leaf tissue, and under favorable environmental conditions, the infection can result in losses of up to 80 % of crop production (Patil et al. 1997) . Six loci in soybean (Glycine max) have been identified that confer immunity [Rpp1 (Cheng and Chan 1968) ] or resistance [Rpp2, (Hidayat and Somaatmadja 1977) , Rpp3 (Bromfield and Hartwig 1980) , Rpp4 (Hartwig 1986 ), Rpp5 (Garcia et al. 2008) , and Rpp6 (Li et al. 2012) ] to the fungus, through the production of reddish-brown lesions, that are easily visible on both sides of the leaf (Bromfield and Hartwig 1980) . Such lesions have little or no sporulation and thus reduce the capacity for dissemination of the disease (Monteros et al. 2007; Garcia et al. 2008) . However, none of these genes has been cloned to date (Bromfield 1984; Bromfield and Hartwig 1980; Hartwig and Bromfield 1983; Hyten et al. 2007; Morceli et al. 2008) .
The Rpp2 and Rpp4 genotypes are stable in Brazil and have been found in Asia for more than 20 years (Hartman et al. 2005) ; however, resistance to P. pachyrhizi has always Electronic supplementary material The online version of this article (doi:10.1007/s10142-015-0445-0) contains supplementary material, which is available to authorized users.
been overcome in nature because of the high genetic diversity of the fungus (Bromfield 1984) . This scenario is termed the Bboom and bust^syndrome in the literature, defined as the pathogen overcoming the resistant phenotype of the host plant.
The destructive potential of P. pachyrhizi, along with its recent introduction in major soybean-producing countries in the Western hemisphere, has generated a great deal of interest in understanding the molecular interactions of P. pachyrhizi in soybean plants and other non-host plants (Hoefle et al. 2009; Goellner et al. 2010) , with the aim of identifying novel genes for resistance to the fungi, and to obtain varieties with durable resistance.
Plants withstand pathogen attacks by activating a variety of defense mechanisms, including the hypersensitive response, the induction of genes that encode pathogen-related proteins, the production of antimicrobial compounds called phytoalexins, the generation of reactive oxygen species, and enhanced cell walls (Reymond and Farmer 1998; Kim et al. 2012) .
These complex response mechanisms are finely regulated by many genes that encode regulatory proteins. Typical examples of regulatory proteins are transcription factors (Huang et al. 2005; Shinozaki 2005, 2006 ; Nakashima and Yamaguchi-Shinozaki 2006; Umezawa et al. 2006) . Transcription factors respond to environmental stimuli through a signaling cascade that can increase their concentration or activity. Consequently, these factors regulate gene expression by interacting with target gene promoters. The family of factors containing a basic leucine zipper domain (bZIP) is among the transcription factors most studied in plants. The bZIP transcription factors have been extensively investigated for their role in the regulation of genes in seed storage (Chern et al. 1996; Albani et al. 1997) , photomorphogenesis (Oyama et al. 1997) , leaf development (Yin et al. 1997) , flower development (Chuang et al. 1999) , response to abscisic acid (Nakagawa et al. 1996) , and biosynthesis of gibberellins (Fukazawa et al. 2000) .
However, of the various functions of bZIP proteins, plant defense against pathogens is one of the least studied (Singh et al. 2002; Jakoby et al. 2002; Alves et al. 2013) . A classic example of bZIP proteins are TGA factors (TGACGTCA ciselement-binding proteins) (Singh et al. 2002) , which act as regulators of signaling by salicylic acid (SA) during the defense response in plants. Some TGA proteins interact with an ankyrin repeat domain protein called non-expresser of pathogen-related genes (NPR1), which is an important component of SA signaling in defense responses (Singh et al. 2002; Jakoby et al. 2002; Alves et al. 2013) .
The first bZIP studied in plants with high agronomic value was the G/HBF-1 soybean protein. This factor binds to ciselements responsive to pathogen elicitors called G-box and Hbox motifs. These cis-elements were found in the promoter of the chs15 gene, which encodes a chalcone synthase protein, a key enzyme of flavonoid biosynthesis in plants ( Dröge-Laser et al. 1997) , which is involved in the synthesis of diterpenoids and flavonoids in response to pathogens (Dröge-Laser et al. 1997) .
The expression of G/HBF-1 is not altered during the induction of transcription of chs15, and G/HBF-1 is rapidly phosphorylated in soybean cells elicited with either glutathione or inoculation with avirulent Pseudomonas syringae pv. glycinea, indicating post-translational control of G/HBF-1 (Dröge-Laser et al. 1997) . In grapes, a bZIP member called VvbZIP23 has been identified as a key regulator of stress responses, and its expression is strongly induced by drought, salinity, cold, abscisic acid, ethylene, jasmonic acid (JA), and SA (Tak and Mhatre 2012) . A translation factor named PPI1, which has a different structure to other previously studied bZIPs, was characterized in peppers (Lee et al. 2002) . Its expression is preferentially induced by infection with pathogens and is not altered by exposure to SA and JA (Lee et al. 2002) .
There are few examples of the molecular characterization of transcription factors that are responsive to rust fungi. In wheat, an NAC (an acronym for NAM, ATAF, CUC) family transcription factor, TaNAC4, which is involved in defense against infection by stripe rust fungus and abiotic stresses was identified (Xia et al. 2010 ). In the bZIP family, a transacting factor, TabZIP1, is involved in stress tolerance and defense response against the same stripe rust fungus (Zhang et al. 2009 ). These studies demonstrated the involvement of transcriptional regulators in plant defense against infection by the fungus that causes rust.
In this work, we identified and characterized four genes that encode bZIP family transcription factors in soybean. The expression profiles of these factors were determined in different tissues, in addition to their transactivation activity. Finally, we examined the possible roles of these regulators of defense pathways against pathogens in plants using phylogenetic analysis and analysis of expression in response to treatment with SA and methyl jasmonate (MeJA) hormones, and the infection by P. pachyrhizi.
Materials and methods
Analysis of subtractive libraries of soybean leaves infected with ASR disease from the GENOSOJA database Using the GENOSOJA consortium database (http://bioinfo. cnpso.embrapa.br/genosoja/; Benko-Iseppon et al. 2012), we screened for genes that possibly encode bZIP transcription factors that are differentially expressed during ASR. Data from Illumina/Solexa sequencing of subtractive libraries containing clones from the subtraction MOCK plants vs. inoculated plants of soybean cultivar PI561356 (unpublished data), separated by different P. pachyrhizi inoculation times (12, 24, 48, and 192 h after infection (hai)), were used to select bZIP genes that are differentially expressed in the response to fungus infection, for further functional studies.
Cloning the GmbZIP62, GmbZIP105, GmbZIPE1, and GmbZIPE2 genes into expression vectors
To clone the complete sequences of the target bZIPs into the yeast expression vector pDEST32, bZIP genes were amplified using specific primers (Table 1 ) from complementary DNA (cDNA) extracted from susceptible soybean leaves (EMBRAPA48). The resulting amplification products were purified using the Wizard® SV Gel and PCR Clean-Up System kit (Promega) and inserted by recombination into the pDONR201 entry vector using the BP Clonase Enzyme (Invitrogen). The clones obtained, pDONR201-GmbZIP62, pDONR201-GmbZIP105, pDONR201-GmbZIPE1, and pDONR201-GmbZIPE2, were used to transfer the respective cDNAs into the expression vector pDEST32, by recombination using the LR Clonase Enzyme (Invitrogen).
Yeast transactivation assay
The yeast strain AH109 (MATa, trp1901, leu23, 112, ura3-52, his3200, gal4Δ, LYS2:: GAL1UASGAL1TATAHIS3, MEL1 GAL2UASGALTATA :: MELUASMEL1TATAlacZ) was transformed with pDEST32-GmbZIP62, pDEST32-GmbZIP105, pDEST32-GmbZIPE1, or pDEST32-GmbZIPE2 and grown in SD medium (synthetic dropout) in the absence of histidine and leucine, but supplemented with 20 mM 3-aminotriazole for 3 days at 28°C. After 3 days, the β-galactosidase activity in the strains was measured as described by Amberg et al. (2005) .
bZIP gene expression profile in soybean tissues and in response to phytohormones bZIP gene expression was analyzed in different tissues of the soybean variety CD 206 at different stages of seed development. RNA was extracted from the leaf, stem, and root in the vegetative phase using the TRIzol method (Invitrogen). For the seeds, fresh mass was extracted following Freitas et al. (2007) at the first, second, third, and fifth seed stages for seeds up to 75 mg and from mature seeds of more than 450 mg.
To evaluate the expression of genes in response to the exogenous application of phytohormones, the plants were initially germinated, and treated with 100 mM MeJA or 1 mM SA when they reached the V3 stage, for 0, 1, 2, 6, 12, and 24 h. As a control, plants were treated with water. The plant material was collected after treatment and immediately frozen in liquid nitrogen and stored at −80°C until processing.
Infection experiments
To assess the expression of bZIP genes during infection by the fungus P. pachyrhizi, resistant (PI561356) and susceptible (EMBRAPA48) plants were infected with soybean rust. Soybean samples were grown and maintained in a greenhouse under controlled conditions of temperature (22±1°C) and humidity (>60 %) and with a photoperiod of 12 h through the V3 stage of development (30 days). The experiment followed a completely randomized design with three biological repetitions, each one containing three plants, and treatments in a factorial structure with two factors, sampling time (12, 24, 48, and 192 hai) , and genotypes (PI561356 and Embrapa 48). The infection was induced by spraying a spore suspension (3×10 5 spores/mL). As control treatments, plants grown in the same conditions were subjected to false inoculation (MOCK) for each respective time of infection. After 12, 24, 48, and 192 h of inoculation, the leaves were collected, immediately frozen in liquid nitrogen, and then stored at −80°C until RNA extraction.
cDNA Synthesis and Real-time PCR Analysis
Total RNA was extracted from tissues and cells with TRIzol (Invitrogen) and treated with 3 units of RNase-free DNase (Promega). Purified RNA was quantified spectrophotometrically (Thermo Fisher Scientific EVO 60) and analyzed on a denaturing 1.5 % (w/v) agarose gel. cDNA synthesis was performed with 4 μg of total RNA, oligo(dT), and Moloney murine leukemia virus reverse transcriptase (Invitrogen), according to the manufacturer's protocol. All of the procedures for real-time PCR, including tests, validations, and experiments, were conducted according to the recommendations of Applied Biosystems. Real-time PCRs were performed on an ABI7500 instrument (Applied Biosystems), using specific primers (Table 2 ), cDNAs from the described procedure, and SYBR® Green PCR Master Mix (Applied Biosystems). The relative quantification of each gene was determined in individual tubes. Initially, an assay was performed to determine the efficiency of the reaction. The efficiency test was performed on serial dilutions of 10 0 , 10 −1 , 10 −2 , and 10 −3 of cDNA. To verify the efficiency of the reaction, we calculated the R 2 of the linear regression equation obtained for each gene. After 40 cycles of amplification, all samples were subjected to thermal denaturation to determine their dissociation curve (melting) and to verify the specificity of the amplifications. Samples were heated with an increase of 1°C for 30 s from 60°C up to a limit of 94°C. The amplification reactions were performed under the following conditions: 10 min at 95°C; 40 cycles of 94°C for 15 s, and 60°C for 1 min. For quantification of gene expression in soybean cells and seedlings, we used actin as the endogenous control gene to normalize the real-time PCR data. Gene expression in soybean tissues was quantified using the comparative Ct (cycle threshold) method: 2 −ΔCt comparing the Ct values between actin and bZIP genes in each tissue. The differences in the means of the relative expression of the genes analyzed were evaluated using the t test at the 5 % level of probability using the software ASSI STAT (www.assistat.com/; 2013 version). Gene expression and differences in the means of the relative expression of the bZIP genes in hormone and infection assays were analyzed using the REST2009 software (https://www.qiagen.com/; Pfaffl 2001; Pfaffl et al. 2002) , according to authors' instructions, by comparing the Ct values between untreated and treated samples in each time point and genotype used.
Statistical analysis
All experiments were carried out with three biological replicates and three technical replicates. Quantitative data of yeast transactivation assays and transcriptional profiling of bZIP genes in soybean tissues were analyzed with the ASSISTAT software package (www.assistat.com/), according to authors' instructions. Quantitative data of qPCR from hormone and infection assays were analyzed with the REST2009 software (https://www.qiagen.com/; Pfaffl 2001; Pfaffl et al. 2002) , according to the authors' instructions.
Results
Selection of GmbZIP62, GmbZIP105, GmbZIPE1, and GmbZIPE2 for functional studies of soybean bZIPs proteins
Based on the phylogenetic analyses, the bZIP protein sequences of Glycine max were grouped according to the proposed model for Arabidopsis bZIP proteins, which comprises the following 10 classes: A, B, C, D, E, F, G, H, I, and S (Jakoby et al. 2002 ) (Online Resource 1). This model is useful for the general classification of bZIP proteins of G. max because it is based on conserved domains (Alves et al. 2013) . To identify bZIP proteins responsive to pathogens and to determine the bZIP transcription factors differentially expressed in response to P. pachyrhizi, we used data from subtractive libraries containing clones of inoculated plants vs. MOCK plants subtraction (Online Resource 1). We selected four distinct soybean genes of the bZIP transcription factors family that were differentially expressed during ASR infection in resistant soybean cultivar PI561356 plants. The selected proteins GmbZIP62 (ABI34659) and GmbZIP105 (NP_001237027) were grouped in class C. The proteins G m b Z I P E 1 ( X P _ 0 0 3 5 4 3 3 1 2 ) a n d G m b Z I P E 2 (XP_003525005) were grouped in class E.
Transactivation activity of GmbZIP62, GmbZIP105, GmbZIPE1, and GmbZIPE2
When expressed in the S. cerevisiae strain AH109, bZIP fusions to the DNA-binding domain of GAL4 (BD-GmbZIP62, BD-GmbZIP105, BD-GmbZIPE1, BD-GmbZIPE2) showed different transcriptional activation properties, as shown in Fig. 1 . The fusion BD-GmbZIP62 was able to activate the expression of the reporter genes HIS3 and LacZ strongly, while the fusion BD-GmbZIPE1 was only able to activate the expression of the HIS3 gene weakly. BD-GmbZIP105 and BD-GmbZIPE2 were unable to induce the expression of reporter genes in any of the tests (Fig. 1 ).
Transcriptional profile of bZIP genes in soybean tissues
The qPCR experiments demonstrated that the selected bZIP genes showed different tissue expression patterns (Fig. 2) . GmbZIP62 and GmbZIP105 were expressed predominantly in the root, while GmbZIPE1 and GmbZIPE2 showed higher expression levels in leaves and seeds at the mature stage (Fig. 2) . The pattern of actin expression was considered stable in all tissues tested, at a probability level of 5 % (data not shown).
Induction of bZIP genes by defense phytohormones
The expressions of the bZIP genes were altered by treatment with hormones involved in the regulation of plant molecular GmbZIP62-Rv AGAAAGCTGGGTCGCGGCCGCAAGCTTCTAGTCGAGTGGCCAAATAG pDONR201
Fw-GmbZIP105 AAAAAGCAGGCTTCACAATGAATGAAATTCAAATACT pDONR201 GmbZIP105-Rv AGAAAGCTGGGTCGCGGCCGCAAGCTTTCAATTAGAAGGAGTTCCAC pDONR201
Fw-GmbZIPE1 AAAAAGCAGGCTTCACAATGACGCAATTACCTCCAAA pDONR201 GmbZIPE1-Rv AGAAAGCTGGGTCGCGGCCGCAAGCTTTCACGTTACATCCCAAACCT pDONR201
Fw-GmbZIPE2 AAAAAGCAGGCTTCACAATGGCAAATTCAAAGGGCTC pDONR201
GmbZIPE2-Rv AGAAAGCTGGGTCGCGGCCGCAAGCTTCTAAATTCTGAGAGCAGGGT pDONR201 defenses ( Fig. 3 ; Online Resource 3). After treatment with SA, a hormone that regulates defenses against biotrophic pathogens, two bZIP genes showed increased transcription (GmbZIP62 and GmbZIP105), and the peak was achieved 2 h after application ( Fig. 3 ; Online Resource 3). The expression of GmbZIPE1 showed no changes following treatment with SA, while GmbZIPE2 expression decreased 1 h after treatment ( Fig. 3 ; Online Resource 3). After treatment with MeJA, a compound analogous to the hormone JA that regulates the defenses against necrotrophic pathogens and herbivores, only GmbZIP105 showed increased expression 6 h after treatment, while GmbZIP62 and GmbZIPE2 showed decreased expression ( Fig. 3 ; Online Resource 3). Again, GmbZIPE1 displayed no change in expression following treatment. These data show the responsiveness of these bZIP genes to defense response hormones induced by pathogen attack. The modification of the gene expression of defense marker genes (GmPR1, GmPR4, and GmNAC6), which are responsive to the hormones used, showed that the treatments were effective in activating molecular pathways in response to biotic stresses in the analyzed plants ( Fig. 3 ; Online Resource 3).
Gene expression profile in susceptible and resistant soybeans during the course of infection by the fungus P. pachyrhizi
An qPCR assay was used to determine the expression profiles of GmbZIP62, GmbZIP105, GmbZIPE1, and GmbZIPE2 during infection by the fungus P. pachyrhizi in susceptible and resistant soybean genotypes, EMBRAPA48 and PI561356, respectively. The resistant genotype contains the resistance gene allele mapped near Rpp1 (Kim et al. 2012 ). The samples were collected across the infection cycle, and the success of the infection was confirmed by the occurrence of the tan and RT GmActin-Rv AATGCCTGATGCTTCCATTC Actin 99 Fig. 1 Transactivation activity of bZIP proteins in yeast. a β-Galactosidase activity was determined in yeast cells transformed with the constructs BD-GmbZIP62, BD-GmbZIP105, BD-GmbZIPE1, and BD-GmbZIPE2 and grown overnight, by permeabilization of cell membranes using chloroform and 0.1 % SDS. The thin bars indicate the standard deviation of three separate experiments. Means indicated by an asterisk differ statistically from the control experiment (AH109 transformed with empty vector pDEST32) at the 5 % significance level by a t test. b BD-GmbZIP62, BD-GmbZIP105, BD-GmbZIPE1, and BDGmbZIPE2 were introduced separately in the yeast strain AH109. The cultures were grown overnight and diluted as indicated in the figure and grown for 3 days in medium without histidine, but supplemented with 20 mM 3-aminotriazole (3AT) reddish-brown lesions, specific for compatible and incompatible interactions between soybean and P. pachyrhizi, respectively. The results are presented in Fig. 4 , and in Online Resource 3. In the interaction between the rust fungus and susceptible host plants, the expression of GmbZIP105 was induced strongly in the early stages of infection (12 hai) and showed induced expression at all time points after inoculation. GmbZIPE2 was induced in 24 hai and 48 hai, while GmbZIPE1 was induced only at 48 hai. Interestingly, the expression of GmbZIP62 was repressed strongly at 12 hai, similarly to PR1, an SA marker gene ( Fig. 4 ; Online Resource 3). Expression peaked at 48 hai for all the bZIP genes, after which the levels of transcripts of GmbZIP62 and GmbZIPE1 returned to the baseline level at 192 hai, while the expression of GmbZIPE2 was repressed ( Fig. 4 ; Online Resource 3). The induction of the expression of marker genes in response to pathogens (GmPR1, GmPR4, and GmNAC6) showed that the infection was established in the analyzed plants ( Fig. 4 ; Online Resource 3). In the incompatible interaction between the host plant and the fungus, and unlike the bZIP gene expression observed in susceptible plants, the expression of GmbZIP105 was induced later after inoculation with the fungus in resistant plants. Peak GmbZIP105 expression occurred at 48 hai, whereas GmbZIPE1 expression was induced only at 192 hai in resistant plants (Fig. 4 ; Online Resource 3). GmbZIP62 and GmbZIPE2 gene expressions were repressed strongly at almost all time points after inoculation ( Fig. 4 ; Online Resource 3). Induction of the expression of marker genes in response to pathogens (GmPR1 and GmNAC6) occurred only at 48 hai in this strain ( Fig. 4 ; Online Resource 3).
Discussion
In plants, bZIP factors are master regulators of gene expression in response to abiotic stresses, during seed maturation, and in flower development processes (Singh et al. 2002) . Deep analysis of databases of subtractive libraries from soybean plants infected with ASR, coupled with phylogenetic analyses of the bZIP family proteins in soybean led us to select four transcription factors that were apparently differentially expressed in response to infection by P. pachyrhizi (Fig. S1 . See Online Resource 1). GmbZIP62, GmbZIP105, GmbZIPE1, and GmbZIPE2 were differentially expressed during infection in both susceptible plants and resistant plants (Fig. 4) . In addition, three of the genes analyzed (GmbZIP62, GmbZIP105, and GmbZIPE2) were differentially expressed after treatment with hormonal mediators of defense responses (Fig. 3) .
Only GmbZIP62 was able to activate transcription of the reporter genes LacZ and HIS3 strongly in yeast, reflecting the presence of an activation domain that is highly conserved in eukaryotes (Fig. 1) . GmbZIPE1 was able to weakly activate transcription of the reporter gene HIS3, which showed that this protein was capable of recruiting the transcriptional machinery of yeast cells. Many bZIP transcription factors use the interaction with its leucine zipper domain to regulate the Fig. 2 Expression profiles of GmbZIP62, GmbZIP105, GmbZIPE1, and GmbZIPE2 genes in different soybean tissues. The relative expression of the target genes were measured by real-time RT-PCR in different soybean tissues. The expression was calculated using the 2 −ΔCt method, using actin as the calibrator and normalizer. The cDNAs used were obtained from three biological replicates (thin bars indicate the standard deviation of biological replicates, n=3). R root, S stem, L leaf, S1 first-stage seed, S2 second-stage seed, S3 third-stage seed, S5 seed fifth stage, SM mature seed Fig. 3 Expression analysis of GmbZIP62, GmbZIP105, GmbZIPE1, and GmbZIPE2 in response to treatment with SA and MeJA in soybean leaves. The expression levels were calculated using the REST2009 software. Actin was used as the endogenous control gene, and water as the control treatment. The cDNAs used were obtained from three biological replicates. Means indicated by an asterisk differ significantly from the control treatment at the 1 % significance level affinity and specificity of binding to target DNA, a feature extensively studied in Arabidopsis bZIP proteins (Jakoby et al. 2002 ). An example of the functional importance of homo-and heterodimerization of bZIP protein domains has Fig. 4 Expression analysis of GmbZIP62, GmbZIP105, GmbZIPE1, and GmbZIPE2 in susceptible and resistant soybean plants during the course of infection by the fungus P. pachyrhizi. The expression levels were calculated using the REST2009 software. Actin was used as the endogenous control gene, and false inoculation (MOCK) as a control treatment for each time of infection. The cDNAs used were obtained from three biological replicates. Means indicated by an asterisk differ significantly from the control treatment at the 1 % significance level been shown in response to a severe shortage of nutrients in Arabidopsis. In this signaling pathway, two bZIP proteins from Arabidopsis, bZIP53 and bZIP1, are activated by heterodimerization with other bZIP family members. This interaction causes a change in the transcriptional activity of factors, affecting their affinity for ACTCAT or ACGT-like ciselements, which causes a reprogramming of primary metabolism in response to stress from low energy availability (Dietrich et al. 2011) .
Several genes encoding bZIP transcription factors in plants show constitutive expression in roots, but little or no expression in the stem and leaves (Schindler et al. 1992; Miao et al. 1994; Katagiri et al. 1989) . In this study, we demonstrated that the expression levels of GmbZIP62 and GmbZIP105 were higher in roots and comparatively lower in the other tissues analyzed (Fig. 2) . By contrast, GmbZIPE1 and GmbZIPE2 were predominantly expressed in mature seeds, and only GmbZIPE1 showed expression in leaves (Fig. 2) .
Three of the bZIP genes analyzed (GmbZIP62, GmbZIP105, and GmbZIPE2) were responsive to treatment with SA and MeJA (Fig. 3) , hormonal mediators of defense responses against pathogens in plants. After SA treatment, the bZIP genes showed expression peaks at different times. GmbZIP62 and GmbZIP105 expression peaked 2 h after application, whereas GmbZIPE2 was repressed at 1 h after treatment. GmbZIP105 transcription increased at 24 h after SA treatment, showing a biphasic induction during SA treatment (Fig. 3) . Treatment with MeJA caused GmbZIP105 expression to peak at 6 and 12 h after application, and decrease at 24 h after treatment. Meanwhile, GmbZIP62 and GmbZIPE2 transcription decreased, showing a repression response to JA (Fig. 3) . Schneider et al. (2011) demonstrated that inoculation of soybean with P. pachyrhizi leads to a biphasic response, characterized by an explosion of differential expression of responsive genes initiated within 12 h in genotypes containing the resistance gene Rpp3. A silent period occurred at approximately 24-48 hai, when P. pachyrhizi continued to develop, but did not elicit host responses, followed by a second phase of intense alteration in gene expression, which began approximately 72 hai (Schneider et al. 2011) . The first major change in gene expression can be correlated with the formation of appressoria and penetration of epidermal cells. The second wave of gene expression occurs at the beginning of the formation of haustoria, and these processes occur in both resistant and susceptible plants that have compatible and incompatible interactions, respectively. The proliferation of haustoria coincides with the inhibition of growth of P. pachyrhizi in an incompatible interaction in resistant plants and the beginning of the rapid growth of fungal hyphae in compatible interactions in susceptible plants (Schneider et al. 2011) . The temporal relationship between the growth of P. pachyrhizi and the responses of the host plant are an important context in which it is possible to detail the networks of molecular interactions during infection (Schneider et al. 2011) .
Increased expression of GmbZIP105 at the initial time points (12 hai) of the compatible interaction between the fungus P. pachyrhizi and susceptible plants suggested activation of JA signaling in response to penetration of epidermal leaf cells by the fungus appressorium, causing an induction of GmbZIP105 expression, a JA-responsive bZIP gene (Figs. 3, 4 and 5; Online resource 3). This process has been reported for other bZIPs in response to rust fungi (Zhang et al. 2009 ). Meanwhile, the JA signaling activation at the initial time points culminated in the suppression of GmbZIP62, as well as GmPR1, an SA signaling marker gene, suggesting a JA antagonistic process at the initial time points of infection (Figs. 4 and 5; Online resource 3). During the hyphae formation stage of infection, at 24 and 48 hai approximately, the Fig. 5 Proposed model for the infection process caused by P. pachyrhizi, and the influence on bZIP genes expression. a Differential expression of bZIP genes during the appressorium formation, which culminates in the activation of the JA signaling pathway, in response to epidermal cells penetration, causing only the activation of GmbZIP105, a JA responsive bZIP gene. b The SA signaling pathway is activated by recognition of biotrophic fungus elicitors, and SA responsive bZIP genes are activated (GmbZIP62 and GmbZIP105), concomitantly with activation of bZIP genes non-responsive to SA (GmbZIPE1 and GmbZIPE2), by an unknown mechanism. c During the haustoria formation, the activation of necrotrophic pathogens-responsive genes occurs, causing the activation of GmbZIP105, a JA-responsive bZIP gene. GmbZIPE1, a non-responsive to defense hormones bZIP gene, is activated by an unknown mechanism. In the figure, arrows indicate activation, and lines with bars indicate repression activation of all bZIP genes and SA signaling marker genes indicates a possible recognition mechanism for biotrophic fungal elicitors by the plant defense machinery, even causing the activation of GmbZIPE1, the bZIP gene non-responsive to defense hormones ( Fig. 5 ; Online Resource 3). At the final time points (192 hai), the repression of SA signaling marker genes (GmPR1, GmPR4) suggested an activation of an antagonistic to the SA process. Campe et al. (2014) showed that P. pachyrhizi induces defense marker genes against necrotrophs in the non-host Arabidopsis thaliana, by PDF1.2 activation after both inoculation of A. thaliana leaves with spores and upon their treatment with spore germination fluid. This suggested JA signaling activation by secreted fungal effectors (Campe et al. 2014) . Thus, the repression of GmbZIP62 and GmbZIPE2, and the moderate activation of GmbZIP105, correlates with the possible JA signaling activation by secreted fungal effectors (Fig. 5) .
In incompatible interactions between P. pachyrhizi and resistant plants, the late induction of SA signaling marker genes GmPR1 and GmNAC6 suggests a delay of SA signaling activation, probably caused by modification of the plant innate immunity machinery, a hypothesis that needs to be verified experimentally. Interestingly, at 192 hai in the resistant plants, GmbZIPE1 expression was induced (Figs. 4 and 5; Online resource 3). As GmbZIPE1 is non-responsive to defense hormones, its activation seems to be solely dependent on the presence of the fungal elicitors for the performance of its role in plant defense machinery. This hypothesis also needs to be verified experimentally.
Infection is established late in Rpp1-resistant cultivars, most likely because of upregulated expression of genes associated with oxidative stress; therefore, the bZIP genes and marker genes used in this study may be induced to perform their functions only after the establishment of infection. Many studies of the functions of bZIP proteins in response to pathogens support the hypothesis that the biological functions of the bZIP factors studied here include defense against infection by P. pachyrhizi (Alves et al. 2013) . The GmbZIP62 and GmbZIP105 proteins are homologous to the G/HBF-1 and SBZ-1 proteins. Both are responsive to pathogen attack and also show homology to the parsley bZIP factors CPRF-1, CPRF-2, and CPRF-3. These proteins bind the H-box cis-element that confers a functional response to light. The H-box cis-element is present in the chs15 promoter, which controls the expression of the gene encoding chalcone synthase, as do soybean G/HBF-1 and SBZ1 (Weisshaar et al. 1991; Dröge-Laser et al. 1997) . Chalcone synthase (CHS, EC 2.3.1.74) is a key enzyme in the biosynthesis of flavonoids, isoflavones, and phenylpropanoids and is directly involved in the defense pathway mediated by SA in plants (Vance et al. 1980; Dröge-Laser et al. 1997; Bhuiyan et al. 2007 Bhuiyan et al. , 2009 Pandey et al. 2011) . The H-box cis-element is a fundamental element in the promoter of the chs15 gene for transcriptional activation during the defense response against pathogens by binding bZIP family transcription factors (Weisshaar et al. 1991; Loake et al. 1992; Dröge-Laser et al. 1997 ). These data suggest a possible function of GmbZIP62 and GmbZIP105 as regulators of the expression of genes in the flavonoid biosynthetic pathway mediated by SA. The genes that are controlled by GmbZIPE1 and GmbZIPE2 remain undetermined, and further studies are needed to elucidate their roles in the defense machinery.
Conclusions
In conclusion, our results show the differential expression of GmbZIP62, GmbZIP105, GmbZIPE1, and GmbZIPE2 during fungal infection in both susceptible and resistant plants, which indicated the participation of these factors in plantpathogen interactions, and also show that GmbZIP62, GmbZIP105, GmbZIPE1, and GmbZIPE2 are important candidate genes that should be evaluated for the creation of durable resistance to the fungus Phakopsora pachyrhizi in soybean.
